Abstract. Three molecular marker protocols, chemiluminescent restriction fragment length polymorphisms (c-RFLPs), radioactivity-based restriction fragment length polymorphisms (r-RFLPs), and randomly amplified DNA polymorphisms (RAPDs) were compared in terms of cost and time efficiency. Estimates of cost of supplies and time requirements were obtained from simulations of maize (Zea mays L.) genotyping experiments utilizing protocols currently in use. The increase in total cost with increasing numbers of individuals genotyped and markers analyzed is higher for RAPDs than for RFLPs. RAPDs were generally found to be more cost and time efficient for studies involving small sample sizes, while RFLPs have the advantage for larger sample sizes. Because of the shorter exposure times involved, c-RFLPs require less time than rRFLPs to obtain a given amount of information. Variations in the protocols, such as number of re-uses of Southern blots or cost of Taq DNA polymerase per reaction of amplification, also affect the relative merits of RAPDs and RFLPs. Two examples were analyzed where molecular markers are used: a germ plasm survey and quantitative trait loci (QTL) mapping in a segregating population. No protocol was found to be the most cost and time efficient over the entire range of sample sizes and number of marker loci studied.
Introduction
Since associations between genetic markers and quantitative traits were first reported (Sax 1923) , much attention has been given to the potential uses of markers in breeding programs. Such uses can generally be divided into two groups based on whether or not they require associations between markers and quantitative trait loci (QTLs) (Dudley 1989) . Fingerprinting and the determination of relationships among individuals (for instance, to assign individuals to heterotic groups) have long involved markers (Bassiri and Adams 1978; Goodman and Stuber 1980; Soller and Beckmann 1983; Smith and Smith 1989; Smith et al. 1991) and do not require associations between markers and QTLs. The identification of favorable genes, their introgression into elite germ plasm, and selection for them in a breeding program, on the other hand, require linkages between markers and QTLs (Stuber and Edwards 1986; Osborn et al. 1987; Keim et al. 1990) .
Not all types of markers are suitable for breeding applications. Morphological and cytological markers are typically associated with deleterious effects or are difficult to analyze in breeding populations and thus are of very little use (Tanksley et al. 1989 ). Molecular markers, in contrast, are generally free of such associations. Extensive use has been made of isozyme markers to characterize genetic diversity (Bassiri and Adams 1978; Doebley et al. 1984; Smith et al. 1985a, b; Kesseli and Michelmore 1986; McIntyre 1988; Asins and Carbonell 1989) . The paucity of isozyme loci and their associated polymorphisms, however, restricts their usefulness in breeding (Helentjaris et al. 1986; Dudley 1989; Tanskley et al. 1989) . DNA polymorphisms such as restriction fragment length polymorphisms (RFLPs) (Grodzicker et al. 1974 ) and randomly amplified DNA polymorphisms (RAPDs) (Welsh and McClelland 1990; Williams et al. 1990 ) have overcome these limitations in many species. Both types of markers have been used for the construction of genetic maps in a variety of species including maize (Helentjaris et al. 1986; Hoisington and Coe 1990) , barley (Shin et al. 1990; Heun et al. 1991; Graner et al. 1991) , soybean (Keim et al. 1990 ), rice (McCoucgh et al. 1988) , tomato (Helentjaris et al. 1986 ), potato (Gebhardt et al. 1989; , Brassica rapa (Song et al. 1991) , lettuce (Landry et al. 1987) , loblolly pine (Devey et al. 1991) , and Arabidopsis (Chang et al. 1988; Nam et al. 1989) , and are very promising for breeding applications Murray et al. 1988; Tanksley et al. 1989; Walton 1990; Rafalski et al. 1991) .
The efficiency of a breeding strategy is usually measured in terms of genetic progress per unit of time, or genetic gain (Fehr 1987) . The associated cost is also of concern to most breeding programs. One of the major potential benefits of using molecular markers in breeding is the considerable savings in the time required to achieve a certain amount of genetic progress (Burr et al. 1983; Dudley 1989; Tanksley et al. 1989) . However, the use of markers in breeding is currently limited by the cost of and the time needed for measuring molecular marker phenotypes (De Verna and Alpert 1990) .
Numerous factors affect the costs and benefits of using molecular markers for breeding (Dudley 1989) , one of which is the type of marker. Reports on genotyping costs are rather scarce Walton 1990) , and contradictory statements have been made when evaluating the relative merits of RFLPs and RAPDs in terms of cost or time (DeVerna and Alpert 1990; Martin etal. 1991; Rafalski etal. 1991; Weining and Langridge 1991; Williams et al. 1991) . In this paper we compare three classes of molecular markers in terms of cost and time requirements: radioactivity-based RFLPs (r-RFLPs); non-radioactive, chemiluminescent-based RFLPs (c-RFLPs); and RAPDs. Our results are based on simulations of maize (Zea mays L.) genotyping experiments. 
Materials and methods

Genotyping protocols
For clarity the term protocol will be used when referring to an individual genotyping technique: r-RFLPs, c-RFLPs, or RAPDs. The various parts of the protocol will be termed procedures, and the individual constituents of the procedures will be referred to as steps (Table 1) . Protocols are those in use in the Applied Molecular Genetics Laboratory at CIMMYT and have been described in detail by Hoisington (1992) .
r-RFLPs
Genomic DNA was isolated from lyophilized maize leaf or cob samples, quantified, digested using 2.5 units of restriction enzyme per microgram of DNA, and electrophoresed in agarose gels (10 gg per well). Up to 120 DNA samples can be loaded in a single gel. Following electrophoresis, the DNA was denatured and blotted onto a nylon membrane. Probes were labeled by random priming using 50 gCi per 100 ng of probe. Hybridizations are conducted in a hybridization oven. Up to eight membranes can be hybridized at once, in one glass bottle, with a given probe, and as many as ten probes can be used simultaneously (oven capacity is ten glass bottles). Following hybridization, the membranes underwent a series of stringency washes and were then exposed to X-ray film for the appropriate time (overnight to 5 days). Membranes were re-used after probe removal.
c-RFLPs
The isolation of genomic DNA, restriction digests, gel electrophoresis, and Southern transfers are performed as described above. Probes were PCR-labeled by incorporation of digoxigenin-ll-dUTP (Boehringer Mannheim). Hybridizations were conducted in a hybridization oven as described for r-RFLPs. DNA-DNA hybridizations were detected with anti-digoxigenin (Boehringer Mannheim) coupled to an alkaline-phosphatasecatalyzed chemiluminescent decomposition of AMPPD | (Tropix). Membranes were exposed overnight to X-ray film. After probe removal, membranes were re-used several times.
RAPDs
DNA isolation was carried out as previously described. Amplification reactions were performed in volumes of 25 gl containing 30ng of genomic DNA, 30 ng of primer and 0.01 mM each of dATP, dCTP, dGTP, and dTTP. Various amounts of Taq DNA polymerase were used in the reactions, although cost estimates were based on the actual cost of the enzyme in the reaction. The number of amplification cycles was 40. Amplification products were analyzed by agarose gel electrophoresis. Permanent records were obtained by photographing ethidium bromidestained gels under UV light with positive/negative Polaroid | film.
Cost and time estimates
Three calculation sheets were developed using Microsoft | Excel on an Apple Macintosh | computer to estimate genotyping costs (supplies) for each of the three protocols described above. These worksheets provide estimates of supply quantities and associated costs for any genotyping project. They are available on diskette upon request. Cost estimates are the result of simulations of genotyping projects, the characteristics of which (number of individuals, number of marker loci, etc.) were arbitrarily chosen. Amounts of supplies (reagents, plasticware) and their associated costs (in US $) are calculated for each step of the protocol. Partial totals are computed for each procedure and summed to provide an estimate of the overall project cost. Calculations were based on 100% success for all of the laboratory work and US catalog prices from either 1991 or 1992 (where available). Estimates of cost per data point are based on the assumption that one marker (RFLP probe/restriction enzyme combination or RAPD primer) provides information at a single locus. A data point is therefore defined as the genotype of one DNA sample (one individual or a bulk of individuals) at one marker locus. It should be noted that both RFLP and RAPD analyses often provide information at more than one locus and that the use of fingerprinting probes could lead to a substantially lower cost per data point.
RFLP costs are calculated assuming that probes are available free of charge. In addition, because PCR amplification of probes allows an almost infinite supply of probes from initial plasmid inserts without further recourse to bacterial transformation, plasmid preparations, or the isolation of plasmid inserts, these latter procedures were not included in the calculations of RFLP costs. PCR amplification and the labeling of probes were taken into consideration when estimating c-RFLP costs. Characteristics of RFLP projects included restriction digests of genomic DNA with HindIII, EcoRI, and BarnHI in a 2: 2: 1 ratio (two digestions of each DNA sample with HindIII, two with EcoRI, and one with BamHI for a total of five restriction digests of each DNA sample), and a maximum of five uses of each membrane (unless otherwise indicated), c-RFLP cost estimates are also based on five re-uses of the AMPPD | solution. RAPD cost estimates are based on a cost of Taq DNA polymerase per amplification reaction equal to $ 0.05, unless otherwise stated.
Variation in total cost and cost per data point were calculated for several combinations of numbers of individuals and numbers of marker loci. Variations in the cost of Taq DNA polymerase per amplification (reflecting both variations in number of units used and variations in cost per unit) were studied for their effect on cost per data point of the RAPD protocol. Effects of membrane usage of RFLP genotyping costs were also investigated. Lastly, two genotyping situations were simulated: a germ plasm survey involving the genotyping of 100 individuals with I00 probes (or primers) and QTL mapping in a segregating population involving 500 progenies genotyped with 100 probes (or primers). In both cases, total cost estimates were further allocated to the various procedures of each protocol.
Estimates of actual manipulation, or "hands-on", time requirements were generated only for the genotyping of 500 individuals with 100 probes (or primers) using either c-RFLPs, r-RFLPs, or RAPDs. They do not include steps before genomic DNA isolation, nor steps beyond data acquisition (X-ray film or UV picture). It should be noted that data entry and analysis is often the most time-consuming step, especially in fingerprinting studies. Hands-on time differs from the elapsed time required to complete a step (Walton 1990) . The difference between the two is primarily due to the presence of waiting periods and the ability to fit time constraints (sequence of a manipulation and waiting periods) imposed by specific steps within 1 working day.
Costs for labor were not included but would be similar for each protocol, differing only in the total cost due to the different estimates of total time for each protocol.
Results
As expected, for all three protocols total costs increased with both the number of individuals genotyped and the number of markers used. (Fig. la c) . The increase was by and large linear. Deviations from linearity that were observed for RFLPs can be attributed to the more efl]cient use of nylon membranes imposed by project characteristics (number of individuals and molecular markers). For small sample sizes (25 individuals), the lowest genotyping costs were obtained with RAPDs. In contrast, genotyping would be performed at lowest cost for intermediate sample sizes (50-250 individuals) with c-RFLPs, and for large sample sizes (500 or more individuals) with r-RFLPs. The cost advantage of r-RFLPs over c-RFLPs for large sample sizes was found to be minimal and never exceeded 4% of the total cost. Similar results were obtained when analyzing cost per data point (Fig. 2a-c) . For a given sample size, cost per data point always decreased when the number of probes (primers) increased. Reduction in cost per data point was also observed when sample size increased, except for RAPDs where sample size had no measurable effect on cost per data point (data not shown). The relative merits of RFLPs and RAPDs depended mostly on the cost of Taq DNA polymerase associated with each amplification reaction (Fig. 2a-c) . RAPDs resulted in costs per data point equivalent to the analysis of only 25 samples using r-RFLPs and less than 25 samples using c-RFLPs. Cost per data point ranged from $0.14 to $0.55 for c-RFLPs, $0.13 to $0.76 for r-RFLPs, and $0.18 to $1.30 for RAPDs (for $0.00-$0.50 cost for Taq DNA polymerase per amplification). In all cases, the lowest costs corresponded to the genotyping of 1,000 individuals with 100 probes using RFLPs or any number of individuals with 100 primers and zero cost for Taq enzyme using RAPDs. The highest costs were observed for the genotyping of 25 individuals with 10 probes using RFLPs or any number of individuals with 10 primers and $0.50 for Taq enzyme using RAPDs. In a companion sutdy (unpublished), we estimated costs based on prices of supplies available in Mexico. While the cost per data point remained within the range given above for c-RFLPs and RAPDs, it reached as much as $1.72 for the genotyping of 25 individuals with 10 probes for r-RFLPs. A single component, [32p]_ labeled dCTP (priced in Mexico about six times as much as in the USA), is responsible for most of this increase. The cost of r-RFLPs renders the use of this protocol prohibitive in Mexico, and most likely in many other parts of the world where [32P]-labeled dCTP is expensive.
Membrane usage greatly affected RFLP genotyping costs. Figure 3 shows the results of genotyping 500 individuals with 100 probes when membrane usage varied from one to ten re-uses. Total cost decreased by more than 75~o when membrane usage rose from one to ten. More than 90~o of these savings are realized between one and five uses of the membranes, due to the roughly inversely proportional relation that exists between restriction digest, gel electrophoresis and Southern transfer costs and the number of membrane uses. When membranes are used three or more times, both RFLP methods are expected to be more cost efficient than RAPDs.
To better understand variations in cost, total costs were partitioned among the procedures constituting each protocol. Changes in relative costs associated with these procedures were then monitored over a range of sample sizes and numbers of marker loci (data not shown). For a given sample size, increasing the number of probes or primers with which individuals were to be genotyped resulted in a very significant reduction in DNA extraction costs relative to other procedures. For example, for the genotyping of 100 individuals, DNA extractions would be 44~o of the total cost of analyzing 10 probes (primers) and only 10~o of the total cost of analyzing 100 probes (primers) (data not shown). This is a major cause for the observed decrease in cost per data point when the number of markers increased. Similarly, for a given number of RFLP probes, we observed a very large reduction in relative probe labeling costs when sample size increased. For example, for the analysis of 100 probes using c-RFLPs, probe labeling would represent 15~ of the total cost for 100 individuals and only 4~o of the total cost for 500 individuals (compare Fig. 4a and Fig. 6a ). This reduction in labeling costs largely explains both the decrease in cost per data point for RFLPs and discrepancy between RFLPs and RAPDs for their variations in cost per data point when sample size increases. probes or primers), c-RFLPs were found to be the least expensive markers, r-RFLPs and RAPDs being respectively 21~o and 34~/o more costly. A QTL mapping experiment was also simulated. Estimations af costs were divided into two parts: screening of the parents for polymorphic markers (Fig. 5a-c) , and genotyping of the segregating progeny (Fig. 6a-c) . Actual project costs are best estimated by adding parental screening and progeny genotyping cost. Once again, c-RFLPs were found to be the most cost efficient markers ($7,394 for 50,000 data points), r-RFLPs and RAPDs were respectively 7% and 67~o more expensive than c-RFLPs. Allocation of total costs to individual procedures revealed that PCR amplifications always accounted for more than 50~o of total RAPD genotyping costs (Figs. 4c, 5c, 6c). The enzyme Taq DNA polymerase represented over 30~o of the PCR amplification costs (data not shown). Estimates of the hands-on time required to genotype 500 individuals with 100 probes or primers are shown in Fig. 7 for c-RFLPs, r-RFLPs, and RAPDs. Figures represent working days for one laboratory technician. Calculations were based on the following workload: 50 isolations of genomic DNA every other day (both for RFLPs and RAPDs); 200 restriction digests per day; ten gel electrophoreses, and ten Southern transfers every other day; labeling of 50 probes every other day; hybridization of 10 probes and washes of the corresponding membranes every other day (for c-RFLPs) or labeling of 10 probes, hybridization and washes of corresponding membranes increasing from every other day to every week (for r-RFLPs); and 500 PCR amplifications and corresponding gel electrophoreses per day (RAPDs only). While 122 working days (976 working hours) would be required to complete the genotyping endeavor with RAPDs, c-RFLPs would require only 77 days (616 hours), or 37% less time (Fig. 7) . r-RFLPs were intermediate, requiring approximately 96 days (768 hours); 21~ less time than RAPDs, but 25% more time than c-RFLPs. It is very difficult to estimate the total time required for r-RFLPs, given the uncertainty of the increasing exposure times required; however, it is felt that r-RFLPs would require more time than c-RFLPs. In RFLP analyses, much time is required to make Southern blots from isolated genomic DNA. However, once membranes have been made, many data points can be generated at a very fast pace (5,000 data points every other day for c-RFLPs in the example shown in Fig. 7) . Comparing protocols for time requirements over a range of sample sizes and number of probes or primers reveals that R APDs are the most time efficient for generating small numbers of data points, while RFLPs are the most time efficient for generating large numbers of data points (data not shown),,r-RFLPs and cRFLPs are comparable for hands-on time requirements (data not shown); however, because of the long exposure times involved, r-RFLPs present a very large discrepancy between hands-on and elapsed time requirements, and are therefore much less time efficient than c-RFLPs.
Discussion
The above results clearly demonstrate that, in terms of genotyping costs and time requirements, none of the three marker protocols evaluated has absolute advantage over the others. While RAPDs are the most economical markers for relatively small-to mediumsized projects, RFLPs would be the marker of choice for more extensive genotyping endeavors. Martin et al. (1991) also suggest the use of RFLP markers in place of RAPDs for large sample sizes, thus corroborating our findings. RFLPs and RAPDs, however, provide different types and amounts of genetic information. Because maize RFLP probes were selected to represent singlecopy genomic sequences (Helentjaris et al. 1986 ), they generally provide information at a single marker locus. RAPD primers, on the other hand, provide information at many loci (Rafalski et al. 1991; Welsh et al. 1991) , although large differences are observed across primers and species (Williams et al. 1990; Welsh et al. 1991) . The benefit gained from using multiple-locus markers for fingerprinting or for the determination of relationships among genotypes would be lost when monitoring genetic changes at specific loci as in the case of backcrossing or marker-assisted selection. In certain situations, several RFLP probes can be combined in a single hybridization, thereby yielding genetic information at several marker loci simultaneously. Differences among protocols for the levels of success of laboratory work also affect the amount of information generated and ultimately the relative costs of marker classes. Walton (1990) reported a failure rate for rRFLPs that approached 25%. In CIMMYT's Applied Molecular Genetics laboratory, we observed a 10 20% failure rate for both c-RFLPs and RAPDs, suggesting no significant difference in data yield among marker protocols.
Different marker classes provide genetic information not only in different amounts but also of different qualities. RFLPs are codominant markers, inherited in a simple Mendelian fashion (Botstein et al. 1980) . RAPDs are usually dominant markers, thus preventing the accurate detection of heterozygotes (Williams et al. 1990; Welsh et al. 1991) . Pairs of RAPD markers tightly linked in repulsion phase would allow the identification of heterozygotes (Williams et al. 1990 ). However, the number of markers required for such assays and the associated genotyping costs would increase accordingly. Even though dominance might not restrict the use RAPD markers (Carlson et al. 1991; Welsh et al. 1991) , it affects genotyping costs and should be taken into account when designing mapping experiments (Rafalski et al. 1991) or marker-based breeding strategies.
Additional factors, although not directly related to marker characteristics, also affect the feasibility and cost of genotyping projects. Such factors include species-specific and environmental elements. Because RAPDs are based on PCR, they require much less DNA than RFLPs (Welsh et al. 1991; Williams et al. 1991) and allow the use of much simpler procedures for the isolation of genomic DNA , although high purity may be required as well as samples free from pathogen contamination. For maize, between 10 and 30 ng of DNA are needed per RAPD reaction, which is about 30 200 times less than the amount needed for RFLP analysis (10 l-tg of DNA for five to ten hybridizations). The development of simple methods of DNA extraction may result in lower costs for RAPD genotyping. In situations in which DNA is not available in amounts large enough for RFLP analysis, RAPD genotyping is the only feasible marker approach. Megagametophytes of loblolly pine are an example of such a situation (R. Sederoff, personal communication).
To date, several hundred public maize RFLP probes are available at no charge to any researcher. As a consequence, estimations of RFLP genotyping costs in maize do not need to include costs of probe development (supplies and time). However, for a species with no RFLP history, these initial expenses must be taken into account in the calculation of RFLP genotyping costs. Doing so will affect the relative merits of RFLPs and RAPDs.
Variations in the relative costs of labor and supplies affect the relative importance of time and supplies in the assessment of genotyping costs. Such changes, in turn, affect the relative merits of marker protocols. The location of the laboratory also determines in part the availability and cost of both supplies and labor, and as a consequence the value of the labor to the supplies cost ratio. RAPD analysis may also be much more amenable to automation than RFLP-based assays, which could substantially increase the output with lower labor costs. While automation may be an important consideration under situations of high labor cost, laboratories situated in many developing countries would not be able to utilize automated protocols effectively, primarily due to high initial costs and a lack of repair expertise.
As genotyping costs are better understood, protocols should be modified with the aim of improving cost and time efficiency. Means to achieve this goal include utilization of alternative reagents, re-uses of solutions or plasticware, and the automation of laborious steps.
Because genotyping costs are determined by numerous factors, some of which are very case-specific, any general statement about the relative costs of molecular marker protocols is prone to be untrue. Genotyping costs should be estimated on a project basis and used jointly with estimations of the relative benefits of marker classes for the choice of a molecular marker strategy.
